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Introduction {#sec001}
============

Site-selective conjugation at proteins has been widely employed to detect cellular distribution, molecular interactions, cellular trafficking, and changes in mobility or conformation of proteins \[[@pone.0159451.ref001]--[@pone.0159451.ref005]\]. Many researchers have developed sophisticated conjugation technologies to label payloads at the desired target sites in proteins \[[@pone.0159451.ref002],[@pone.0159451.ref006],[@pone.0159451.ref007]\]. Amine and cysteine have been the major targets in conjugation chemistry \[[@pone.0159451.ref008]\]. Lysine or arginine are relatively abundant in proteins, so amine conjugation eventually leads to site-nonspecific conjugation. Cysteine residues are usually scarce in protein, and cysteine conjugation methods are well established, generally having a high conjugation yield. However, the presence of intrinsic cysteine residues in some proteins complicates site-selective conjugation if those residues are not the ideal conjugation target. Moreover, intrinsic cysteine residues are usually present in disulfide bonds, sustaining the protein's conformational stability \[[@pone.0159451.ref009],[@pone.0159451.ref010]\]. Therefore, labeling a fluorophore or other hydrophobic moiety at these positions might compromise overall protein stability, and conjugation with a small molecule can significantly decrease the enzymatic activity \[[@pone.0159451.ref007],[@pone.0159451.ref011]\]. Even if not associated with a disulfide bridge, labeling at cysteine residues that might be involved in electrostatic or hydrophobic interactions essential for secondary or tertiary structural conformation could be problematic \[[@pone.0159451.ref012]\]. To avoid these issues, intrinsic cysteines are often mutated into other amino acids \[[@pone.0159451.ref013]\], and other cysteine residues are introduced into a specific target position that does not perturb the original protein conformation. In such cases, silencing the intrinsic cysteine residues might be still problematic. Accordingly, the best alternative is introducing a cysteine residue in a specific target position while still retaining the original cysteine residue, in case there is means to differentiate the reactivity of the introduced cysteine from the intrinsic cysteine. Here, we present data indicating that the metal ion chelating peptide motif could be utilized for that purpose.

Metal ions play a central role in diverse cellular processes and living organisms have developed their own sensing, trafficking, or sequestering mechanisms to maintain the homeostasis of intracellular metal ion concentrations \[[@pone.0159451.ref014],[@pone.0159451.ref015]\]. The zinc finger motif is one of the best known mechanisms utilized by various proteins to sustain structural integrity. Two cysteines and two histidines comprise the metal binding motif in the C2H2 group of the zinc finger family, and zinc-coordination induced finger-like small protein motifs are commonly found in mammalian transcription factors \[[@pone.0159451.ref016],[@pone.0159451.ref017]\]. Transcriptional regulatory proteins such as the ArsR/SmtB family regulate transcription of the czr operon in response to Zn(II) and Co(II) in vivo \[[@pone.0159451.ref018]\]. Additionally, metal ion binding in this family triggers a quaternary conformation change that regulates the binding affinity of these proteins to the target DNA region \[[@pone.0159451.ref019]\]. Cys motifs such as Cys-X-X-Cys or Cys-X-Cys are frequently found in transcriptional regulatory proteins, metal chaperone proteins, and metal ion transporters \[[@pone.0159451.ref020],[@pone.0159451.ref021]\]. Cysteines have attracted a great deal of interest in the field of de novo metallopeptide design due to the high affinity of thiols for heavy metal ions such as Hg(II), Cd(II), Bi(II), and Pb(II) \[[@pone.0159451.ref022],[@pone.0159451.ref023]\]. Mutationally incorporated tri-cysteine motif at the C-terminal end of α3DIV enabled the mutated proteins to bind toxic heavy metal ions with binding constants as low as 2\~3 × 10^7^ M^-1^ for Pb(II) and Cd(II) \[[@pone.0159451.ref024]\].

De novo designed metal binding motifs usually have tetra- or tri-peptide structures. Square planar or tetrahedral coordination environments can easily be achieved with tri- or tetra-peptide structures \[[@pone.0159451.ref025], [@pone.0159451.ref026]\], providing a flexible and stable chelate ring for metal ions. Burrows et al. prepared a CGH motif and characterized its coordination chemistry \[[@pone.0159451.ref027]\]. They showed that the CGH motif binds to Ni(II) with square planar coordination, and, interestingly, that coordination behavior exhibited pH-dependency. At pH values over 8.5, Ni(II) is coordinated to four alpha nitrogens, while it is coordinated to one thiol and three alpha nitrogens at lower pH. They also found that cysteine residues in CGH motifs are strongly protected from air oxidation with Zn(II) coordination at neutral pH, while Ni(II)- or Zn(II)-complexed peptide was protected from air oxidation for as much as 40 hours. This cysteine protection capability of metal ion is worth cultivating, and metal-ion dependent oxidation protection could be exploited as a site-selective conjugation strategy for proteins.

Here, we propose that the metal-ion binding motif could be exploited for site selective labeling strategy. Site-selective conjugation utilizing metal-binding motifs have many advantages over other alternatives. For example, cysteine reactivity in metal binding motifs can be easily controlled by the presence of metal ions \[[@pone.0159451.ref028],[@pone.0159451.ref029]\]. Metal binding to a short metal binding motif is a reversible reaction, and the bound metal ions can easily be removed simply by the addition of high affinity chelating agent, such as EDTA. Moreover, relatively short tri-, tetra-, or penta-peptide motifs could easily be incorporated into the protein without disturbing its structural stability. If it is necessary to introduce multiple conjugation sites, tandem repeats of metal binding motifs could confer additional flexibility in conjugation sites and conjugation number. Here, we investigated the metal binding characteristics and oxidation protection of CGH motif in the formats of single and tandem repeats of peptides. Additionally, the CGH metal binding motif was introduced into antibody and metal ion dependent oxidation protection and site-selective conjugation were also investigated. Specifically, trastuzumab, a monoclonal antibody that selectively binds to *Her*2 receptors, was used to test the conjugation selectivity. We believe that introduction of the metal binding motif into the antibody could provide an efficient platform for site-specific conjugation sites.

Materials and Methods {#sec002}
=====================

2.1 Peptide preparation {#sec003}
-----------------------

N-terminal acetylated M1 peptide (ACGHA) and M2 peptide (ACGHAACGHA) were purchased from Peptron Incorporation (Daejeon, Korea). Alexfluor488-maleimide was obtained from Invitrogen (USA) and used as received.

2.2 Construction of antibody variant bearing the metal binding motif {#sec004}
--------------------------------------------------------------------

The expression vector was cloned using a pAV4 vector constructed and modified from the parent vector, pSGHV0 (GenBank Accession No. AF285183). To construct a trastuzumab vector, the cDNAs of the heavy chain and light chain of trastuzumab were synthesized and cloned into the XhoI/NotI and ApaI/SmaI restriction sites of the pAV4 vector, respectively. The double repeat of the metal binding motif, ACGHAACGHA, was introduced into the trastuzumab vector as follows. PCR amplification was performed using the trastuzumab vector as a template together with a XhoHH forward primer (5´-GGG GGG CTC GAG ACC ATG GGT TGG AGC TGT -3´) and a M2 reverse primer (5' CCCCGC GGC CGC CTA GGC ATG GCC ACA AGC AGC ATG GCC ACA GGC GCC GGG AGA CAG AGA 3'). The amplified nucleotide was cleaved with the restriction enzymes XhoI and NotI and ligated with the expression vector pHHL002 having XhoI/NotI cleavage sites, thereby constructing a trastuzumab antibody variant vector (HHL002M2) with an introduced metal binding motif.

2.3 Antibody production and purification {#sec005}
----------------------------------------

The metal-binding motif-introduced trastuzumab antibody variant (HM2) was expressed by inoculating the expression vector HHL002M2 into Chinese hamster ovary cells (CHO-K1). Specifically, CHO-K1 cells were cultured in DMEM (Dulbecco's Modified Eagle Media) containing 10% FBS (fetal bovine serum) and antibiotic. The CHO-K1 cells were cultured in a 100 mm culture dish at a concentration of 5 × 10^6^ cells/ml, then cultured for 24 hours. Next, 800 μl of FBS- and antibiotics-free DMEM was mixed with 10 μg vector and incubated at room temperature for 1 minute, after which the mixture was mixed with 20 μg polyethylenimine (Polysciences Inc, MW \~25,000) and allowed to stand at room temperature for about 10--15 minutes. Meanwhile, cells were washed with PBS, after which 6 ml of fresh DMEM were added. The HHL002M2 vector was held at room temperature for 10--15 minutes, then added to the culture dish. On the next day, cells were washed with PBS, after which FBS-free IMDM medium (Gibco, Iscove´s Modified Dulbecco´s Medium) was added to confirm the expression of the antibody protein.

The trastuzumab antibody variant HM2, expressed as described above, was purified in the following manner. HM2 was secreted into the cell culture media and harvested on day 4 after IMDM media replacement. The culture medium was then centrifuged to remove cells, after which the supernatant was injected into a HiTrap Protein A HP column (GE Healthcare, USA) that had been equilibrated with equilibration buffer (5 mM histidine, 20 mM arginine, 0.4 M NaCl, pH 6.0). The column was sufficiently washed with equilibration buffer, after which the protein was eluted by altering the pH with citrate buffer (5 mM citrate, 20 mM arginine, pH 3.5). The resulting solution was then dialyzed against phosphate buffer (20 mM sodium phosphate, 0.3 M NaCl, pH 7.4) and concentrated using Vivaspin20 (Sartorius, USA).

2.4 DTNB assay for measuring free thiol {#sec006}
---------------------------------------

A UV-absorption spectrometer was employed to measure the release of TNB through Ellman's reaction \[[@pone.0159451.ref030]\]. The free cysteine level in solution is measured by monitoring the change in absorbance at 412 nm by the release of TNB (2-nitro-5-chlorobenzaldehyde) from DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)). DTNB is a form of TNB dimerized through disulfide bonds. The thiol readily reacts with DTNB and cleaves the disulfide bond to produce TNB. TNB is easily ionized in aqueous solution and eventually displays a yellow color. TNB can be quantified by measuring the change in absorbance at 412 nm using 14,150 M^-1^cm^-1^ as an extinction coefficient in diluted buffer solution. In this study, absorbance was measured using a DU730 UV/Vis spectrophotometer (Beckman Coulter) and 100 μL micro quartz cuvette.

2.5 Measurement of M2 peptide oxidation kinetics {#sec007}
------------------------------------------------

Metal ion-dependent oxidation kinetics of the M2 peptide were measured by preparing 4 tubes with 1mL of 60 μM M2 peptide in pH 7.4 phosphate buffer solution. Next, 10 molar equivalents of Zn(II), Ni(II) and Co(II) ions or control buffer were added to each M2 peptide, respectively, and each metal ion-containing M2 peptide solution together with the control sample was oxygen-bubbled for 10 minutes and then incubated in an O~2~-saturating environment in a glove bag. Then, 90 μL samples were taken at 0, 1, 2, 4, 6, and 22 hours and mixed with 10 μL of 5 mM DTNB. The DTNB reaction was allowed to proceed for 10 minutes, and the change in absorbance at 412 nm was determined by subtracting the sample absorption spectrum from that of buffer mixed DTNB solution.

2.6 Determination of alkylation rate constant of M2 peptide {#sec008}
-----------------------------------------------------------

The metal ion dependence on alkylation rate was measured by mixing M2 peptide with iodoacetamide. Briefly, 1.5 mL of 30 μM M2 peptide was prepared in 20 mM PBS buffer (pH 8.0) at room temperature, after which 3 molar equivalents of TCEP were added to reduce any pre-formed inter- or intra-disulfide bonds. Alkylation reaction was initiated by adding 150 μL 10 mM iodoacetamide in H~2~O, after which 150 μL from the reaction mixture was withdrawn at each designated time point (0, 0.5, 1, 2, 3, 4, and 5 minutes, with additional time points of 10, 20, and 30 minutes for Zn(II)-added M2 peptide). For the metal-peptide complex experiment, 10 molar excess Zn(II) or Ni(II) ions were added prior to initiation of the alkylation reaction and incubated for at least 30 minutes. The alkylation reaction was then quenched by adding 95% formic acid and dithiothreitol. Finally, the reaction product was analyzed using a C18-HPLC and the observed kinetic profile was fitted by linear regression to yield the observed rate constant. For the determination of alkylation rate constants, triplicate experiments were carried out.

2.7 Measurement of HM2 antibody oxidation kinetics {#sec009}
--------------------------------------------------

Metal ion-dependent oxidation kinetics were measured for HM2. Briefly, 5 mL aliquots of HM2 at 10 μM in 20 mM phosphate buffer (20 mM sodium phosphate, 0.3 M NaCl, pH 7.4) were prepared. Next, 10 molar equivalents of TCEP were added to reduce disulfide bonds and the samples were incubated at 4°C for 30 minutes. The TCEP-reduced HM2 was subjected to oxygen-bubbling for 5 minutes, then divided into two tubes each containing 2.5 mL. One tube then received 10 molar equivalent Zn^2+^, while an equivalent volume of phosphate buffer was added to the other tube as a control. Next, 90 μL was taken from each tube and 10 μL of 5 mM DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)) was added. After incubation at room temperature for 10 minutes, the absorbance change at 412 nm was measured. Absorbance measurements were repeated after incubation for 1, 2, 4, 6, and 22 hours in an oxygen environment.

2.8 AlexaFluor488-maleimide conjugation to HM2 and trastuzumab antibodies {#sec010}
-------------------------------------------------------------------------

Site-specific conjugation of HM2 utilizing Zn(II) ion was investigated by preparing 15 μM HM2 and Trastuzumab in 10 mM sodium succinate buffer with 30 mM sucrose (pH 6.0). Samples were then reduced with 45 μM (final concentration) TCEP for 30 minutes at 4°C, after which the excess TCEP was removed by dialysis against 10 mM sodium succinate buffer (pH 6.0 with 30 mM sucrose) containing 60 μM Zn(II) ions. The free cysteine contents of HM2 and trastuzumab were measured by monitoring the change in absorbance at 412 nm during the dialysis process using DTNB reaction. When the free cysteine contents reached 2, the reduced HM2 and trastuzumab were treated with 15 μM AlexaFluour488-maleimide and then incubated for 1 hour at room temperature. The un-reacted dye was quenched by adding excess (10 molar equivalent) L-cysteine, then removed by four rounds of extensive centrifugation filtration at 13,000 rpm for 5 minutes each.

2.9 IdeS cleavage of HM2 and trastuzumab {#sec011}
----------------------------------------

Site-specific conjugation was investigated by utilizing IdeS to identify the conjugation site. Briefly, 100 μg of protein was mixed with 1 μL of IdeS protease and 20 μL of 10× buffer, followed by dilution with 79 μL of distilled water. The dye-conjugated antibodies were treated with IdeS to identify the conjugation site. The cleavage reaction proceeded for 2 hours, after which the final product was analyzed by 12% SDS-page. A fluorescence image of the dye-conjugated protein was analyzed using a Typhoon fluorescence image analyzer (Amersharm Bioscience, USA). The image was further evaluated using the accompanying ImageQuant software (Amersham Bioscience, USA, emission filter, Alexafluor; PMT voltage parameter, 430V; sensitivity, normal; pixels, 25 microns).

Results {#sec012}
=======

3.1 Metal binding of M1 peptide (ACGHA) {#sec013}
---------------------------------------

We prepared a pentapeptide (M1), (Ac)ACGHA, containing the CGH motif according to the study conducted by Burrows et al \[[@pone.0159451.ref027]\]. M1 peptide contains a single CGH motif with an acetylated N-terminus and a free carboxylic acid at the C-terminus. Burrows et al. reported a pH-dependent change in the coordination environment in the CGH motif. N-terminal acetylation removes the complexity associated with pH-dependent changes in the coordination environment of the CGH motif and reflects the possible amino acid environment when it is introduced into a protein. We conducted a Co(II) binding titration experiment for M1 peptide. M1 peptide was prepared at 400 μM in pH 7.4, 20 mM phosphate buffer and Co(II) binding to the ACGHA motif produced broad absorption spectra from the UV region to as far as 750 nm with a characteristic peak shoulder at 630 nm ([Fig 1(A)](#pone.0159451.g001){ref-type="fig"}). The extinction coefficient at 630 nm was calculated to be 50 M^-1^ cm^-1^ and is assumed to be a Co(II) absorption band. The Co(II) binding isotherm at 630 nm revealed that the metal binding stoichiometry was 1:1 binding ([Fig 1(B)](#pone.0159451.g001){ref-type="fig"}). When we introduced a serine mutation replacing cysteine, the Co(II) binding capability was abrogated, indicating that thiol groups of cysteine are critical to the metal binding pocket in the CGH motif (data not shown). In the CGH motif with N-acetylation, two alpha nitrogens, one from the histidine side chain and one thiol from the cysteine, could constitute the metal coordination environment \[[@pone.0159451.ref027]\]. Therefore, in the serine-substituted peptide, 4 atom coordination environments could not be formed in the SGH motif, resulting in decreased binding affinity to Co(II).

![(A) The change of absorption spectra of Co(II)-bound M1 peptide (400 μM in pH 7.4 20 mM phosphate buffer) upon stepwise Co(II) addition (inset; the widened view of the absorption spectra near 630 nm region). (B) The Co(II)-binding isotherm of M1 peptide was obtained by monitoring changes in absorbance at 630 nm.](pone.0159451.g001){#pone.0159451.g001}

3.2 The metal binding experiment of M2 peptide (ACGHAACGHA) {#sec014}
-----------------------------------------------------------

We prepared a peptide consisting of tandem repeat of CGH motifs and investigated the effects of a tandem array of metal binding motif on the metal binding characteristics and metal ion-dependent alkylation efficiency. M2 peptide consists of 10 amino acids, (Ac)ACGHAACGHA, with N-terminal acetylation and free C-terminal carboxylic acid. In the Co(II) binding experiment, M2 exhibited a 1:1 binding stoichiometry. Considering that a CGH motif could act as an independent metal chelating unit, and metal chelators consisting of 7--8 amino acids are too big to provide an adequate size for a single metal binding pocket, this binding stoichiometry was unexpected. One possibility of this observation is the formation of inter- or intra-peptide disulfide bonds and addition of 2 molar equivalents of TCEP produced 2:1 binding stoichiometry in Co(II) binding experiment to M2 peptide, as is shown in [Fig 2](#pone.0159451.g002){ref-type="fig"}. TCEP is known to be a poor metal chelator, and a control experiment of TCEP binding with Co(II) did not produce an observable change in Co(II) absorption spectra (data not shown). Moreover, the addition of extra TCEP to M2 did not change the binding stoichiometry of M2 peptide toward Co(II), indicating that TCEP itself does not participate in Co(II) binding (data not shown). The Co(II)-binding isotherm of TCEP-reduced M2 peptide presented in [Fig 2](#pone.0159451.g002){ref-type="fig"} displayed an S-shaped binding curve, suggesting a concerted Co(II) binding mode. The first metal ion binding to M2 might trigger the conformational change in M2, eliciting a stout metal binding pocket for the second Co(II) binding.

![Co(II)-binding isotherm of M2 peptide (200 μM in pH 7.4, 20 mM phosphate buffer) was obtained by monitoring changes in absorbance at 360 nm upon stepwise Co(II) addition.\
Two molar equivalent Co(II) ion binding to a unimolar M2 peptide was observed. The sigmoidal binding isotherm suggests a concerted binding mode of Co(II) to M2 peptide. Inset, change in absorbance spectra of Co(II)-coordinated M2.](pone.0159451.g002){#pone.0159451.g002}

3.3 Metal ion dependence on M2 peptide oxidation kinetics {#sec015}
---------------------------------------------------------

We investigated the metal-ion dependent oxidation kinetics in M2 peptide. The level of oxidation was measured by determining free thiol concentration utilizing the DTNB reaction. M2 peptide, which was prepared in pH 7.4, 20 mM phosphate buffer, was saturated with O~2~ by oxygen bubbling for 10 minutes. Without extraneous addition of oxidizing agent, disulfide formation through cysteine oxidation reaction proceeds very slowly, taking from several hours to days depending on the dissolved oxygen concentration. However, O~2~ saturation promotes oxidation reaction. As shown in [Fig 3](#pone.0159451.g003){ref-type="fig"}, M2 peptide, which does not contain any metal ions, showed a rapid oxidation kinetic profile and, within 1 hour, the free thiol content was shown to be near the baseline. Without metal ion protection, saturating oxygen conditions are assumed to accelerate the cysteine oxidation. M2 peptide shows a metal-ion dependence in oxidation kinetics, and metal ions protect M2 from oxidation in the order of Zn(II), Ni(II), and Co(II). Co(II) does not show any oxidation protection effect on M2 peptide under saturated oxygen conditions. When the free thiol content was measured immediately after oxygen bubbling, the level of Co(II)-bound M2 peptide is already reduced to a baseline. Ni(II) ion displayed a moderate oxidation protection effect and, interestingly, oxidation kinetic of Ni(II)-coordinated M2 showed a biphasic oxidation kinetic profile. Approximately 50% M2 showed rapid oxidation with a decay half-life of around 2 hours, followed by a slow oxidation reaction. The reason for this biphasic decay in the oxidation kinetic profile is not clear, but the difference between the two metal binding motifs observed with the Co(II) binding isotherm in M2 peptide might be associated with this biphasic decay. The loosely bound Ni(II) might account for the relatively fast decay in the oxidation kinetic profile. When compared with Co(II) or Ni(II) ions, Zn(II) displayed the highest oxidation protection efficiency. Zn(II) ions protected M2 from oxidation, and more than 70% M2 peptide retained its free cysteine reactivity after 22 hours.

![Metal-ion dependent oxidation kinetics of M2 peptide.\
Ten molar equivalents of Zn(II), Ni(II), and Co(II) ions, respectively, were added to 60 μM M2 peptide in pH 7.4 phosphate buffer solution. The free thiol content was measured for each sample after incubation under accelerated oxidation condition.](pone.0159451.g003){#pone.0159451.g003}

3.4 Metal ion dependent alkylation kinetics of M2 peptide {#sec016}
---------------------------------------------------------

Metal ion dependency was also observed in the alkylation reaction, and the alkylation reaction rate of M2 peptide was reduced significantly in the presence of Zn(II) ion as is shown in [Fig 4](#pone.0159451.g004){ref-type="fig"}. These findings are concordant with those reported by Burrows et al. for the M1 peptide \[[@pone.0159451.ref027]\]. Added metal ions affected thiol reactivity, and the observed rate constant of cysteine in M2 peptide toward iodoacetamide decreased by \~40 times in the presence of Zn(II) ions. The addition of excess EDTA to remove bound Zn(II) ions restored the alkylation reactivity in M2 peptide, indicating that Zn(II) binding is a factor inhibiting alkylation reaction. Ni(II) ion exhibited moderate inhibition reactivity, and in the presence of excess Ni(II) ions, the alkylation rate of M2 peptide was about 75% that of the apo-peptide. The difference in alkylation reaction rates between Zn(II) and Ni(II) is more prominent than that observed for oxidation protection kinetic profiles; however, the inhibitory effects still showed metal ion dependence in the order of Zn(II) \> Ni(II).

![Observed rate constants for the alkylation of M2 peptides with iodoacetamide.\
Zn(II)-coordination significantly reduced the alkylation rate for M2 peptide and removal of coordinated Zn(II) with EDTA restored the alkylation rate.](pone.0159451.g004){#pone.0159451.g004}

We believe that the metal ion dependent differences in cysteine reactivity in M2 peptide toward oxidation and alkylation reaction could provide an invaluable tool in the context of site-selective conjugation. The slow oxidation reaction in the presence of Zn(II) ions could be used to selectively preserve cysteine reactivity in the metal binding motif under saturated oxygen conditions. The intrinsic cysteine residues that do not have metal binding properties could be oxidized ahead of the cysteine residues in the metal binding motif, thereby enabling site-selective conjugation at the cysteine residue of the metal binding motif under saturating metal ion conditions.

3.5 Metal ion dependent oxidation protection of the M2 antibody, HM2 {#sec017}
--------------------------------------------------------------------

As shown above, cysteine reactivity could be controlled by metal binding specificity. Therefore, we investigated the metal ion dependent oxidation protection in protein by introducing the metal binding motif into a protein. To accomplish this, we employed an antibody as a model system and there are several reasons for this. First, there are many intrinsic cysteine residues in antibody, as many as 16 in IgG1. Eight of these constitute four inter-chain disulfide bonds and the other eight are in four intra-chain disulfide bonds. Accordingly, antibodies are an ideal model system to evaluate the metal binding motif for the site-selective oxidation protection and subsequent conjugation scheme. Second, antibodies have been a major focus in antibody engineering for the last several decades, especially for application in antibody-drug conjugates \[[@pone.0159451.ref031],[@pone.0159451.ref032]\]. Site-specific conjugation has recently attracted a great deal of interest in this field because of the need for homogeneity in the production of antibody-drug conjugates and the results of recent studies suggesting that site-specific conjugation is closely related to anti-cancer efficacy \[[@pone.0159451.ref033],[@pone.0159451.ref034]\]. Therefore, in this study, the M2 peptide, ACGHAACGHA, was introduced at the C-terminus of trastuzumab antibody and the metal-ion dependent oxidation kinetics and site-specific alkylation were measured.

Metal-ion dependent oxidation kinetics were measured for M2-peptide-introduced trastuzumab (HM2). As shown in [Fig 5](#pone.0159451.g005){ref-type="fig"}, HM2 also showed Zn(II) ion dependent oxidation kinetics. Without added Zn(II) ion, the free thiol content of HM2 exhibited a rapid decay profile, with a half-life of approximately 1 hour. In addition, almost all free cysteines lost their reactivity in HM2 after 5 hours. In the presence of Zn(II) ion, the free thiol groups retained their reactivity until 22 hours after oxygen bubbling. Interestingly, approximately 4 free thiols were found in HM2 in the presence of Zn(II) ions, while about 2.7 were found without Zn(II) immediately after oxygen bubbling. As the introduction of M2 peptide at the C-terminus of heavy chain produced four metal binding motifs, each containing a single cysteine residue, four cysteine residues could be protected from oxidation in the presence of Zn(II) ions. As observed in the M2 peptide, without added metal ions, the cysteine residues were oxidized quickly under saturated oxygen conditions, so the measured free thiol content was much lower than the number of added cysteine residues (4). Moreover, the oxidation kinetics in HM2 also exhibited metal ion dependence in the order of Zn(II) \> Ni(II) (data not shown) as observed in M2 peptide.

![Zn(II)-ion dependent oxidation kinetics of M2 antibody (HM2) with (solid line) and without (dotted line) Zn(II) ions.](pone.0159451.g005){#pone.0159451.g005}

3.6 Zn(II)-dependent fluorophore binding to HM2 {#sec018}
-----------------------------------------------

Zn(II) ion-dependent dye conjugation reaction was studied with HM2 relative to trastuzumab, which does not have a metal binding motif. In the case of trastuzumab without metal binding motif, dye was conjugated site-nonspecifically to the reduced cysteine residues (to both heavy and light chains (Lane 1 in [Fig 6(A)](#pone.0159451.g006){ref-type="fig"}). Analyzing the conjugation percentile of trastuzumab revealed that the relative fluorescence intensities of trastuzumab measured for heavy and light chains were almost the same as those measured for the band intensities of heavy and light chains in the SDS-page gel (Lane 1 of [Fig 6(B)](#pone.0159451.g006){ref-type="fig"}). These findings indicated that added alexafluor488 dye was conjugated non-specifically to both chains. IdeS protease-cleaved trastuzumab indicated that Alexafluor488 dye was conjugated to light chain and Fd\`fragments (Lane 3 in [Fig 6(A)](#pone.0159451.g006){ref-type="fig"}), while no fluorescence intensity was observed from fragmented Fc. Fluorescence intensity analysis of HM2 indicated that dye was predominantly (almost 95%) conjugated at the heavy chain (Lane 2 in [Fig 6(A)](#pone.0159451.g006){ref-type="fig"}). IdeS protease cleavage further confirmed the site-specific conjugation, with dye predominantly conjugated at fragmented Fc (Lane 4 in [Fig 6(A)](#pone.0159451.g006){ref-type="fig"}).

![(A) The fluorescence scanning image of Alexaflour488-conjugated HM2 and AlexaFlour488-conjugated trastuzumab and (B) its reducing SDS-PAGE gel (12%) image. Lane 1: Alexafluor488-conjugated trastuzumab, Lane 2: Alexafluor488-conjugated HM2, Lane 3: IdeS treated Alexafluor488-conjugated trastuzumab, Lane 4: IdeS treated Alexafluor488-conjugated HM2.](pone.0159451.g006){#pone.0159451.g006}

Discussion {#sec019}
==========

In this study, we investigated the potential applicability of the cysteine-containing metal binding motif for site-specific conjugation strategy. As reported by Burrow et al. \[[@pone.0159451.ref027]\], the metal binding peptide motif, ACGHA, provides an efficient coordination environment for metal ions. Replacing the cysteine residue with serine abrogated the metal binding efficiency of this peptide, indicating that the cysteine side chain plays a critical role in metal binding. We also designed a tandem repeat of metal binding motif, ACGHAACGHA, and investigated its metal binding characteristics. In the Co(II) binding experiment of the M1 peptide, the extinction coefficient of Co(II) at 630 nm was determined to be 50 M^-1^ cm^-1^, which was ascribed to the d-d transition of the Co(II) ion. The high absorption bands in the UV regions are assumed to reflect the ligand-to-metal charge transfer (LMCT) band \[[@pone.0159451.ref035]\]. This LMCT band is attributed to the electron transfer from the cysteine-thiolate to Co(II) ions and was not observed in the A**S**GHA peptide. In the Co(II) binding to M2 peptide, the d-d transition in the visible region showed a higher extinction coefficient than that of the M1 peptide, with ε = 150 M^-1^ cm^-1^ observed at 630 nm. The M2 peptide displayed a 1:2 (M2:Co(II)) stoichiometric binding isotherm with a concerted binding mode. The first Co(II) binding to M2 peptide might convert the peptide into a tighter binding coordination sphere for the second Co(II) ion. These results suggest that the tandem repeat of the metal binding motif in the M2 peptide could provide a tighter metal coordination sphere than the M1 peptide.

The metal-ion dependent oxidation kinetics of the M2 peptide exhibited metal-ion dependency. Metal ion displayed an oxidation-protection effect in the order of Zn(II) \> Ni(II) \> Co(II) as was observed for M1 peptide by Burrow et al. \[[@pone.0159451.ref027]\]. Measurement of the free cysteine content with excess Zn(II) ion in M2 peptide showed that cysteine residues in M2 peptide still retain their free thiol reactivity after 20 hours under accelerated oxidation conditions. Zn(II) ion also protected the cysteine thiol group from alkylation. With Zn(II)-saturating M2 peptide, the alkylation rate is much slower than that of M2 peptide without metal ions. Ni(II)-saturated M2 also displayed a slower alkylation rate than apo M2 peptide. Moreover, the alkylation protection effect displayed metal ion dependency in the order of Zn(II) \>\> Ni(II) \> buffer.

The metal-ion dependent oxidation retardation behavior of the CGH motif could be exploited for site-specific conjugation to a protein. This site-specific conjugation strategy utilizing the metal binding motif might be very useful, especially for proteins that have many intrinsic cysteine residues. As cysteine residues are usually employed in structure-sustaining disulfide bonds, conjugation at the intrinsic cysteines could be problematic. To avoid this problem, cysteine residues could be introduced at various positions in the protein that do not compromise its structure. However, it is still not clear how to induce selective conjugation at the introduced cysteine residue. We believe that differences in the oxidation kinetics of the ligand-protected metal binding motif from other cysteines could provide an answer to this question. Upon Zn(II) binding, oxidation of the cysteine residue in the CGH metal binding motif could be prohibited for 22 hours or more. Accordingly, this conjugation strategy employing the metal-binding motif should proceed as follows: (1) reduction of disulfide cysteine, (2) metal ion binding to specifically protect the cysteine in metal binding motif, (3) oxidation to restore the unprotected cysteine to disulfide, (4) conjugation at the cysteine residue of the metal binding motif. For bound metal ions, the conjugation reaction might proceed slowly depending on conjugation conditions such as temperature and time. However, we found that prolonged incubation for 1--2 hours at room temperature resulted in a conjugation yield comparable to that of the metal ion-removed state. Without metal ion binding to selectively control the oxidation kinetics of cysteine residues, free thiol contents decrease promptly upon addition of oxidizing reagent for both intrinsic cysteines and the introduced metal binding motif. Following this conjugation scheme, we verified that the fluorescent dye could be selectively conjugated to the introduced cysteine residues at the C-terminus of the antibody. The introduced metal binding motif in the C-terminus of the antibody also showed Zn(II) dependent protection from oxidation and alkylation. The dye-conjugation experiment demonstrated that the metal binding motif could provide an efficient site-selective conjugation strategy, and Alexfluor488 dye was predominantly conjugated at the introduced C-terminus of HM2.

We believe that this site-specific conjugation strategy employing the metal binding motif is especially useful for antibody-drug conjugates. There have been several site-selective conjugation strategies to selectively label highly cytotoxic payloads onto antibodies, including enzymatic conjugation \[[@pone.0159451.ref036]\], bridging conjugation interconnecting the intrinsic disulfide bond with bidentate functional groups \[[@pone.0159451.ref037]\], non-natural amino acids \[[@pone.0159451.ref038],[@pone.0159451.ref039]\], etc. Enzymatic conjugation methods utilize highly specific enzyme reactions, and enzyme recognition sites are inserted into target protein structures. The insertion sites are usually dictated by sequence and structural analysis, although the C-terminal end could be utilized to minimize the perturbation of antibody structures. Highly specific enzyme conjugation ensures the site-specificity, but the necessity for rather harsh reaction conditions \[[@pone.0159451.ref036]\] or a large excess of enzyme \[[@pone.0159451.ref040]\] casts doubt on the availability of this conjugation strategy for downstream process development. Bridging conjugation methods utilizes the existing inter-chain disulfide bonds of antibody. In this conjugation method, the bidentate functional group interconnects the inter-chain disulfide bond through bridge formation. Bridging conjugation exploits the pre-existing disulfide bond, and payload conjugation is expected to leave the inter-chain disulfide bond intact. However, competition between bridging formation and single-dentate conjugation to the reduced cysteine residues could produce a mixture of conjugation products \[[@pone.0159451.ref037]\], lowering the net production yield. Site-specific conjugation utilizing non-natural amino acids is based on the genetic control of tRNA synthetase to recognize chemically modified tRNA. This sophisticated conjugation strategy has been developed to incorporate non-natural amino acids into desired amino acid sites in antibodies. Chemically modified non-natural amino acids could provide an orthogonal conjugation site. However, this conjugation strategy necessitates the addition of non-natural ingredients during the culture process and laborious processes to induce genetic mutations.

We believe that site-selective conjugation strategies employing metal-binding motifs could be advantageous to other site-selective conjugation methods in several respects. This method provides an efficient and simple site-selective conjugation strategy that enables discrimination of engineered cysteine motifs from intrinsic ones based simply on their metal ion binding properties. The simple conjugation method with highly productive site-specific conjugation has great potential for use in the development of antibody drug conjugates. Selective installation of cytotoxic molecules at a pre-determined position with a pre-defined number of molecules could lead to a homogeneous product, which is beneficial for pharmacokinetic and therapeutic properties. We also believe that this simple and productive conjugation strategy has great potential for application in other areas in which site-specific conjugation is needed.

[^1]: **Competing Interests:**Alteogen Inc, which all authors belong to, does not alter the authors\' adherence to PLOS ONE policies on sharing data and materials.

[^2]: Conceived and designed the experiments: H-SC SJP. Performed the experiments: SL. Analyzed the data: H-SC SL SJP. Contributed reagents/materials/analysis tools: SL. Wrote the paper: H-SC SJP.
